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- 1 -
SOME DEVELOPMENTS IN HIGH-SPEED 
FERRITE-CORE MEMORIES 
·to: . 
1 
The paper r~views some -recent developments in -high-
. speed fer,ri te core memories. A general discuss-ion on the 
storage prope..r.ties of ferrite cores and their· switching 
" 
characteristics is presented. _ Improvements in .speedi·of -' 
,.~--
operation of core memories by p~rtial-flu~ switching are 
·examined. A description of the 2D memory scheme is included. 
' ' 
.. Th.e effects of temperature on core characteristics-, and on · 
partial-flux switching are discussed. An attempt is made to 
... 
present an approximate method for evaluating the cycle time 
of the 2D memory scheme_. Thi·s is d·o~ne -by specifying the 
•rite and read curr~nt am~litudes, and t~en determining. the 
.... ~ .......... 
switching times for the wri-te and read periods, resp~cti vely. 
It is then shown that if the va.riations of percentage of ·flu:x: 
switch~d, the threshold cur~ent, and the switching coefficie~ 
with temper-atu·re are assumed to be linear, the cycle time can 
• 
be uniquely deterrriined as- a funct~on of the core ambient 
" ~emperature. Studies on relaxation effects of bit currents . . . 
_,/ .. 
on core charact~ristic~ are biiefly discussed. A new an~lytical-
technique'· which_ has been "proposed"" ·for determining the cycle 
time of a 2D.me~6ry_ sch~me as a furiction of ~ore temperature 
is reviewed at··t&e ~nd. 
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<l 
SOME DEVELOPMENTS IN HIGH-SPEED 
FERRITE-CORE MEMORIES 
Introduction 
.. 
Ferrite cores have been inyestigated to s~udy their 
• ---- -- , J. 
~ 
swi tchi_ng chara.cteristics as related· to thei·r use in fast 
memories •. Recent methods have permitted a.significant 
decrease in memory cycle time~ One important method for 
4ecreasing the time and energy associated with the switching 
of the sto.rage array cores has been accomplished by· reducing 
the a~ount of.flux ch~nge. This is attained by controlling 
f -
the ampl:i..tu·de and width-'of the current driver supplying the 
. r 
. 
magnetomotive force. The ,reversal of magnetization of a 
ferrite· ·CO.re requires a finite 'time to go to completiol}, the 
duration of this time being dependent ·upon the amplitude of 
the_ driving field, and the widt~ of the current p~lse. If 
th'e ·driving field is removed before the core has~ had time to · 
·completely switc~into saturati9p, a partially switched state 
exist~, and hence the name partial switdhing. 
- . ' 
In f erri tes ,, tempera t~e is one important factor causing 
,, r. 
~hange in magnetization, From the basic theory of ferro-
4 
'"t · l ' 2 · t · 11 kn th t th t t . ti magne ism , 1 is we own a · e sa ura ion magne za-
tion of a ferrite material is temperature dependent. ~t 
. .... 
/\,' .. 
:• 
. ...... 
r>·,.. 
-· ..... 
... 
.-.. . 
.--....·· 
' . .. 
' . 
... 
... , ..• ;,.,., ·-·~ ........ ,-.-r,~·.1.'"•I•"'->"'"'"'-""'·-" • ...•. •f -- • .... 
l. :.•. 
·-~ 
·'.· 
. ,· ,;.::: 
J·. . 
.. ""' 
r 
: I 
I 
1 
, I 
I 
l 
: 'I 
i 
I 
. I 
,1 
I 
• 
. l 
"· 
..... 
I, 
' '"T' •• 
, ...... .. 
'I 
' 'J' 
... . , , ~:·, r , I '"'j I·• ll{J i/ ,.-, ; ~· , •• 
,·;{ ~ Jt. 
\,~· 
, •' I 
1' : ', 
..... 
- 3 -
zero ~bsolut~ temperature, a.ferrite~core would hav~ its 
maximum- magnetization. As the temperature is raised, the 
·'• ' 
magnetization decreases, and at a temperature T, known as 
C 
the Curie point, the ferrite core would lose its spont~neous 
.i~gnetiiation, although it may ~Jve. induced magn;tization. 
. ' 
A function relating th_.,,e magnetiza t_ion .with the temperature. 
\ 
' 
of t>he'core can_ be represe~ted by a nonlinear curve. 
/ 
-
Increasing the .temperature of the ~urrounding environ-
ment of a ferrite core can thus change the percentage of 
flux which a given combination of current amplitude and pulse 
- " width can switch. Ferrite cores used in memory devices 
' 
ape subjected to wide temperature ranges, and they are 
• I ~ 
usu&lli designed to function at ambient temperatures that· 
0 may range from 40 to 75 C. Consequently, -t~e cycle 
times of ferrite core memory devices are temperature 
dependent. 
• 
. .... ...,. .. 
It is the purpose of this review to discuss the switching 
/" 
. ~ 
characteristics of ferrite cores in gen~ral, and to describe 
« ~the use of P~!tial-flux switching in the design of high-speed 
• core memories (with typical cycle times of the order of 500 ns 
to 200 ns). Temperature effects on the magnetic properties 
of ferri t·es, and on the operation of core memories are also 
discussed. An attempt will be made to present a s~mplified 
method for calculating the cycle time of one high-speed 
ferrite core memory {the 2D memory device), whose individual 
.. "'· 
. 
~ 
~ cores, due to repeat~d .cycling, ar~ heated above the ambient 
• 
", ·-·~ 
' . 
., ...... 
) ' 
.. 
... 
l 
1. 
I 
i 
t 
[ 
i 
! 
' l
I 
I 
i 
I 
I 
I 
• I 
i 
'r. 
. . ,~ 
.J•'t·• 
~ . . ' 
'L. 
.. , ,ii• ·,, ,·: .. · 
~ 
·' 
"' . 
·' 
) 
I • 
·······,',(: 
' . 
. - .4·: .... ! :, 
temperature. A qualitati~e discussion on relaxation effects 
is also presented. A recent study made on the ~ycle time 
'If 
of a 2D core me~ory is examined at the end~ 
2. Ferrite Cores as Storage Elements 
.... 
·· Ferrite cores widely used as storage elements in high~ 
speed memories must exhibit rectangular or square magnetic 
( 
hyster~sis loops3• ,.A typical "square"~ B-H loop, obtained by 
cycling the core between ~he limits! Hf is shown in Fig. 1. 
It can be seen that the loop is almost flat-topped, and 
almost vertical-sided. The magnet~c field Hf corresponds 
· to· the· saturation flux <I, (o"r flux density B ) :, and H is 
· 6 6 C 
-defined as the coercive force·. The remanent flux is denoted 
by <f,r, and Br is the corresponding flux density. The degree 
\. 
of squareness of the B-H loop is. significant, and a squareness 
ratio; R , is de fined as the ra t.io, in hysteres·is loop, of 
. s ~ 
the fliix difference betwe~n remanen t states (•2 cp r) to· t~~;' 
flux density difference between points of maxi~um applied 
ma:g,netizing force (=2 <;f? st•, Ferrite cores used as storage 
elements must have a very large~squareness ratio. 
The storage properties of ferrite cores also depend on 
/' ,. . ·-.,. 4· ·r there being two distinct states of a remanent fl~x .• The 
rt ..... 
flux is ~ormally at the positioli marked 11 0 11 (or - cf, ) . If 
r ,, 
the applied field is le~s than H (see Fig. 1), there. will 0 .. 
'" ; 
be no significant change in flux. Normally H is less than 
0 
/ 
.J 
,.., 
' I 
.. ·. .' 
.. 
.::,:,h.,,, ,• : 
·' 
I -
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. ,,.,,,._ 
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i _ •. -
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. --
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.. 
•"1 
0 . 
.,·· -.,)_ 
.l 
-· 
. -, 
~.,---- ···~ 
.-··., ,· 
... 
,' 
( ,·· . 
I 
' ' I • I , I , '• , • I • J ~ r • 1 ' r • t • !,, ' I • ' 
He, and it is1 defined as the threshold field. If·}he applied 
" field i~ equai to or great,r than H, there will oc~ur an 
0 ' ,.,. 
irreversible flux change. For H
0
~H~Hf, the· flux will be 
~ 
swi-tched from - ~ to 4> , ~here 4' is -less than + ·4' • 
r 
Under· 
} 
.,, r 
such conditiqns, the ferrite core is operated on a minor hysteresis 
~ loop, and the flux change is referred to as partial switc~ing. 
For ·H?,Hf, the full area of the major loop 1is employed, and 
the two Sta tea Of the binary di·gi t ·are Stored as - tp and 
f r 
+ q:> • When partial switchirig is employed, ·- 4, r is referred 
.r 
to the nominal "O" state, and 4' is referred to as the nominal 
"l" state. .. 
.. • Another representation of the binaiy states of a ferrite 
" core is the so-called "S" curve shown in Fig._ 2. In the "S" 
curve representation, the percentage of flux change 
X (= <f'/2 'l>r x 100%) is plotted against the magnetizing field H • 
Depending on ~be magnitude of the magnetizing field, X-is 
........ 
about 50% if the minor lOJUL~e.s from - <f> r ( 11 0 11 state) to 
r 
=0 ("l" state) with H equal to H •. X will be lOO~o for the 
. C - \.. -
major loop (H~H;). By controlling the duration of the 
f magnetizing field (or current), it is possible to have many 
''S'' curves. This will be seen after a·n examination of the 
'· 
_sw1tching characteristics of ferrite cores • 
• 
. r.,· 
........ 
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Ferrite Co~e Switching Characteristicsj 
A ·very convenient nrethod for determining th·e switching _ 
,. l f ' 
characteristic~ of a ferrite core is to study its response 
to .a current pulse of constant amplitude.. The basic · 
. . 
arrangement for such"a test is s;hown in Fig. 3. A single-
turn input wire carries a step current with a fast·ris~ 
time, and with an amplitude at least equal to If, where If· 
~s the magn~tizing current that would correspond to Hf (see 
\ 
. 
Fig. 1). Suppose the iD.i tial remanent' flux is - <f>r ( 11 0 11 
... 
'Pr binary state), then the core will be switched to + ( "1" 
. . 
.f binary state) when the current I is applied. Fig. 4(a) 
shows a typical output voltage waveform across an output 
single winding. This induced voltage is equal to the rate ~ 
. -
.. 
of change iD:. flux d. 4' /dt. If the core had initially been 
set .at + ~r' 'the output volt.age waveform would be similar to 
the one shown in Fig. 4(b). Because the flux ~changing 
from + q> to + ~ , the amplitude of t-he induced voltage shown r s 
in Fig. 4(b) is ;:·,tery s~all comps.red to that shown in Fig. 4(a). 
The reversal of magnetization will take a finite~time 
.. 
to go to completion. Switching around the major loop from 
'· . 
, - <pr to + ~;, the ferrite core takes a characteristic switching 
time, -t
6
, which is definea as the time at which the voltage 
e (see Fig. ·4(a)) has fallen to 10% of it_s peak value. s 
It has been shown, both experimentally and the·oretically 5 , 
I 
\ 
r, 
,,J··, 
. ·, 
l 
I 
' ;-. 
f 
', 
'
·._; 
' 
. 
. ;: . 
ti ::i; 
.Ji;ji: 
~l?.l : 
t~/' 
" . , ,_ \.,-~•~ •I- -·-· -r· ~" •- •--·'" 
.,: . 
.:,:. ·v· 
.. 
·•t; 
• 
~·· 
\ <, 
. -;'. 
,--!• 
.. 
'' 
- ? - ' :1•,,_ •. ,,,:•: 
I ' ,''' 
that the switching time, t, is related to the drivi11:g 
s 
current I by the approximate relation 
t 
s 
-
. , . 
s 
w 
I-I 
. 0 
• 
(l) 
' 
, 
where I is the threshold cu~ent (corresponding to H ) , and 0 -~ · 0 
S is defined as the switching co·efficient. In practi6e, it 
w 
has been found more convenie~t to study the inverse swi tchi.ng 
time (also called switching speed), l/t
6
, ad a function of 
I or H. Thus S wil~ be· equal to the inverse slope of the 
w 
,, 
1/t ·versus I curve. Such a curve, known as the switching 
6 (\ .. ) 
curve>is shown in Fig;· 5. £q. (1) predict1i, a linear 
relationship between· the inverse-switching. time and the 
applied field. ·· Experimental switching. curv~s ( which are 
similar to the.one shown in Fig. 5), however, exhibit three 
\. 
'~ 
regions having different _values .of switching coefficients. 
A three-mechanism model has been proposed to explain the flux 
reversal-process in·each region 6 • In the low-drive region 
.. 
(region I)~ the flux reversal is attributed to the 
0 \ 
motion of domain walls. In th~ intermediate-drive region 
0 
(regionII), the· flui reversal is faster, and it is assumed ,, 
\. to be due to non-uniform rotation of domains. ·For· fields 
"'· 
.... 
above H2 , a third high-drive region exists in-whi.ch the. flux 
reversal is believed to .be ~e to uniform rotation of domains. 
"' The empirical linear relationship between the switching 
spee-d and the drivirig field predicted by Eq. (1) is approxi-
\.~, 
mated to a good degree in the low-drive region. 
' ( . 
Since the 
'' . - ·~ 
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curves in the intermediate and high-drive regions are also \ 
. . 
straight line2~it has been shown that Eq. _ (1) ,can. be '.-
modified for us~ at the higher fields 7 • Fdr applied fields 
between.H1 ,and H2' Eq. (1) becomes .. 
... 
-· 
t s sl ca·J - ·W -s 
s1 (Hl-Ho) s (H-H1 ) • w 
' .. 
C 
' ' and for applied fields above ~ ,- . the swi_t·ch:i"r1g t'i·m.e.· is given 
by I, 
t -
-s 
~ 
···- where Sw' s1 , an~· s2 are the switching coefficients for 
I' 
\ 
fields greate~ than H
0
, H1 , and H2 , respectively. 
Instead of measuring t 
6
, some workers measure t 'P , the 
time at which 90% of the reversible flux has switched. 
'\1 
Determination of the latter involves the integration of .the 
"-
output voltage. The fime, t k' at which the outpµt voltage p . 
e tak~s its pe.ak value, is also sometimes measured • 
. S ,, 
4. Partial-Switching Characteristics of Ferrite Cores 
In region I of Fig. 5, where values of the driving 
;,.. 
fie 1 ~ H vary from H0 (~He) up to Is_ (<Hf), the core· can be 
~, 
operated on a minor hysteresis loop • - 1.e., the ·core flux 
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can be partially switched. In storage appl~cations, th~ 
percentage. of flux switched when a ferrite· core changes 
from the nominal u1" to the nominal "O" state is normally 
less than 80 percent?. This causes a reduction in the switching 
r time when the·cores are driven from various values of 
r·emanent flux to the "O" state. Fig. 6(b) shows the" 
-. 
voltage out.puts obtained by applying a constant amplitude 
... 
• driving field to a core which has been previously set to 
~ 
• remanent states A to Din Fig. 6(~). It can be various seen 
that considerably lower/switching times·are· obtained from a 
,. 
partially· switched core than from one which is switched from 
+ 'P, to - ~ • r "':r r .i' 
The time taken for a core to switch· from one ·state to 
another is a function of the, amplitude of the feild 9 , 10• 
' 
In general, the more the driving fo!ce that is avail~ble; the 
' faster will the core switch. This is.illustrated by the-
family of curves shown __ in Fig. 7, where both the switching 
speed (or inverse switching time) and the driving field have 
. ~ l 
been normalized. It can be seen.that the switching speed 
(, 
rs directly proportional to the dri~ing f~eld that is applied. 
It should also be recognized that the switching speed is 
faster when partial-flux switching is employed. 
1he amount of flux switched also depends on the duration 
\ 
of the driving fiel ... d 1~. Fig. 8 shows a family of "S". curves 
\J. 
in which the per«?entage of fl~ux change, X, is plotted against· 
the driving field with pulse width, t, as a parameter. It 
' p . ~ 
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· ~an b~ ndted that pulses very ~uch larger in-amplitude than 
the \threshold field may be repeatedly applied to a core in 
the "O" state without causing any appreciable change of flux, 
provided that the ·pulses are of very short 'duration gompared 
# 
-~ to the characteristic switching time of the core. Thi~ 
important property is useful in evaluating ferrite cores for 
fast memory devices in which partial-flux switching is employed.· 
The 2D Memory D~vice -~ 
One basic technique in which ferrite cores can be 
arranged to form a storage system is known as the "word-
\ 
organized" or "linear-selection" scheme. In this ~ystem, 
small ferrite cores with square hysteresis loops are arranged 
in a rectangular array or matrix. The cores can be switched 
from one remanent state to another using two or more wires 
\ passing through each core with current in any wire. The 2D 
(2 "dimensional") memory is o-ne such scheme· with two wires 
passing through each cbre, and with th·e possibility of passing 
I current through either wire. The array, which is illustrated. 
in F~g. 9, -is organized with the word lines situated 
' . 
_horizontally, and bit lines situateq vertically. To switch 
~ core from the "O" state to the 111" state, a write-current 
pulse of amplitude. Iw is ·impressed on the X-wire passing 
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through the core; at the same time a bit-current pulse of ~ 
amplitude IB is im~ressed on the Y-wir~ passing through the 
' 
core. Normally, I is approximately equal· to I ( threshold W 
· 0 
current), _but IB is less than I • The coincidence of these 0 
two pulses provides a total switching current Iwt which 
c~uses a 111" to·be written in that core which receives both ~ 
~.,. 
the write and bitrcurrents. 
~ 
If it is desired to write "0'' 
in a given binary word·~· it can be done by sending zero IB 
in the corresponding I-wire. For example, in wr~ting ~be 
word 1101, the bit current in Y3 is zero. 
4•. 
Since I 
w 
• 16 
approximately equal to I, the write current alone will (-· 0 
cause no appreciable change in flux. That is to say, the 
amount of flux switched by the write current alone can be 
considered to be reversible, while the amount of flux 
switched by the total sum of write (Iw) and bit (IB) currents 
i~ irreversible. Thus the direction of the bit current 
(Fig. 9) is chosen to assist~the magnetizing ac~ion of the 
write current. 
'-.._ ~--,. 
The written binary word is read by sending a read current, 
IR' through the X-wires, but in _oppos.i te sense to the write 
current direction. The 1 read current, IR, must have sufficient 
df 
amplitude and du~ation to switch the cor~e complet,ely.:t.o a 
stable reference 11011 state (- <pr), whether it was previously 
in the+ <f> state or any other nomianl "l" state. The reading· r ., 
\. 
:-. -~- process of the 2D memory device is known as DRO. (destructive 
read out). After the current IR is passed, the stored 
' 
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\ 
.. in·formation is destroyed. Thus a "write" (o·r "rewrite") 
period follows a-"read" period. Switching is toward the "1" 
state during write, and toward the 
The read-wire outputs are shown in It 
110 11 .state durin/,ead out. 
Fig. 10, which/are similar 
to the waveforms illustrated in Fig. 4. Wavefo,rm 111 11 would 
indicate that the initial binary state was "1"; waveform "O" 
would indicate that the initial binary state was"O" • 
. ,, A simplified timing diagram of the 2D memory scheme 
is shown in Fig. 11. The cycle time, t, can be defined as C 
the time required to write ·a bit of information into, and then 
read out of the mem~ry, plus a non-magnetic delay-time.· The 
' 
read current flows for time tR~ This is ·fo~lowed by a pause, 
t 1 , at the end of which the write current is established. 
/!iii' The write pulse has a duration t, and it is followed by another . w 
pause t 2 , during which both the write curr~nt and the read 
curre:n t are zero·. · The cycle begins again at the end of t 2 • 
The duration of the bit pulse is smaller than t. If we let w 
td (the non-magnetic delay time) pe equal to the sum of t 1 and . 
.. t 2 , then we have the expression for the cycle time given by 
(4) --
' Partial-flux switchimg is employed • the 2D rt1·e!Ylory 'de vie e. in 
The ·amplitude of the total write current, I • then wt' J..S 
limited by selection requirements.· Its duration, t, is w r 
.. also smaller than the characterisitc time, t, 
S. 
' ,, 
.. 
.-'. 
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ot. the core-. To stablize the "O" state, the amplitude of 
the read current is made lQrger. than t&e total write current 
,,.. ... ,,_, .. 
. ' 
amplitude. 
1 This will also shorten the duration of ·tR. 
Typica!'ly, if tw = t
8 , and tR = t 8 /2, t~en the minimum cycle 
time would be approximitely 3t /2. Because of numerous s 
.sequen~ial curcuit delays and the driving currents rise and 
fall times, it is ~ifficult. to make td equal to zero. But 
it can be assumed that td can have a maximum value equal to 
the sum of tR and tw. With this approximation, t~~ cycle 
time will have a total duration of 3t·. It has been pointed s 
out12 th·at in practice it ·is difficult .to achieve a cycle time 
of less than 4t. This is,because of numerous sequential s 
. ' 
circuit delays and the rise and fall times of the dri-Ving 
currents. 
There is also another serious limitation te the switching 
speed of ferrite core me~ories (including the 2D memory), 
and that is the deterioration of magnetic properties of heated· 
cores due to repeated cycling of the read-write currents. A 
. 
review of te~p~rature effects on the ferro-magnetic properties 
p 
of ferrites is presented in the following section. The effects 
of temperature on pai:t-i'al-flux switching are Qlso briefly 
discussed.· .·. --- -, 
6. Effe~ts Qf Temperature 
6.1 _Temperature Effects on the Hysteresis Loop of a 
,, 
Ferrite Core \ 
~·. 
The temperature dependence of t~e magnetic properties of 
.. 
.. 
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•• 
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' . ferrite cores can be deduced from the t~eor.y of ferromagnetism. 
'l'.ypically, the saturation _flu:X:, 4' s' of a ferrite core decrea-~es 
with temperature (Fig. 12) until.it essentially dis-appears at 
the Curie point, T: At lower temperatures remote from the C 
Curie point, the "Change in ~ - is small and is relatively linear s 
• with temperature. Ferrites with a higher coercivity have a 
higher Curie point13 • In general, as the temperature of a ferrite 
. core increases, the following effects are observed. 
(i) The coercive force, H, is reduced; the variation of the C ,. 
threshold field, H , is also parallel to· that of H (Fig. 13) 0 
i C 
. 
(ii) The flux density decreases. 
(iii) The slope of the r~latively flat portions of the hysteresis 
loop becomes ..Jtore pronounced. 
Thus a heated core tends to switch faster. The voltage 
-p 
~utput from a heated core is also temperature dependent. 
~Consequently, tempera~ure coefficients must be included in 
• the specifica·tions of fe-rri te core memories. One important 
. property which must be specified is that the ferrite cores 
' 
" 
mu~t poss~ss low temperature coefficients of coercivity. It has 
1. 
n • .. been reported that the rate of decreas• of H (and Hb) is usually 
· C O 
. 
slightly in excess of one-half - 14 percent per degree centigrade • 
'. '-~ 
6.2. Temperature Effects on Partial-Flux Switching 
When a word is continuously cycled at high frequencies 
.. 
··c100 kc/s to 2 mc/s or eve.Jh high-er), the power dissipated in 
parti~lly switched cores can result in a large increase in core 
' 
... 
' 
/ 
.~--..:..-
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.I 
( 
·...:· 
,J 
! '··· .. 
I . 
.._..__ ....... ~,,- .. · ..... 
. _, 
• 
,. .. -.. -,.; ;:, . •• ,,.:·1'f.•' 
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I• 
' temperature and degradation of the core characteristics. A 
partially-switched state is more sensitive to temperat~re 
· · 15 
"effects than a fully-switched state • Relatively small ch~nges 
' 
of the temperature ~fa partially-switched ferrite core will 
introauce large changes of the amount of flux that is switched. 
Fig. 14 shows the variation of flux switched ove·r a 6:1 range f • ,' 'I .' ~-~ 
. 
of temperature, plotted as a percentage of _the flux value ,:;, . 
measured at room temperature (20°c). -If the flux switched at 
4. 
room temperature is 'P, the flux available for switching at 
120°c will ··be approximately 80 percent of <f,. , The·sw±tching 
coefficient, s·,also decreases as the temperature of the core w 
" 6 
is increased1 • This effect is illus1rated in Fig. 15, where .the~ 
~ 
variation of S with_temperature is assumed to be linear. With w 
reference to Eq. (1), it can be noted that a decrease in S 
w 
also means~ decrease in the switching time, t. 
s 
.)/ 
7. An Approximate Method of Evaluatin~ t~e Ciel e Time 
of 2D Memory Schemes 
p It that it • possible to evaluate the ·cycle time of appears 1S ~-
2D memories by determining the switching times for the writing 
and. reading process using eq-ua tion (1). If the ampli t11de 
' of the write current is specified, ~~d the fin~l-flux value 
of the nominal "l" state (or the percentage of flux change) 
is also known, the duration of the write pulse can be ' . I 
' 
, 
determined by setting it equal to the switching time during 
q 
., 
,. 
f· 
·l 
I:,. ) 
, I 
f, I 
t I 
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···~ 
the writirtt process. Similarly, the duration of the read· 
pulse can also be set equal to the switching time during 
~· 
the reading process. The cycle time of the memory will 
then be approximated by the sum of the switching times 
i during the write and read periods plus a delay time. 
. ,._. 
; ' 
Since the switching coefficient (S ), the threshold 
w 
.,. 
current (I0 ), the full-flux switching curreht (If) and the 
percentage of flux change (X) are all temperature depen-
dent, it is necessary to know the ambient temperature of 
' the ferrite cores and .their specific heat coefficient. 
Dimensions of the cores in the 2D memory must also be spe-
,; 
cified. Ferrite cores used in the 2D memory are of small 
dimensions (typically, the inner diameter may be as small 
• 
as 10 mils); they must possess rectangular hysteresis loops. 
They must have low sp_ecific heat coefficients, allowing 
operation of the memories at an ambient temperature that may 
range from 4o0 c up to 75°c, or ~ven higher. The variations 
~ 
of the parameters I, If, X and S with temperature can be assu-
o w . 
med to be linear. In the design of ferrite core memories, it 
rj 
is also generally necessary to operate on one of a family of 
minor hy~teresis lbops isee Fig. 1 and Fig. 2) in which 
partial flux switching is employed.- The percentage of flux 
' 
change (X) is'normally less than 80 percent. 
,,,,; •• ,.t. 
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. 
We· consider a linearized "S" curve (Fig. 16) in which 
the ·actual curve is app,roximated by a. stra·ight line. It must 
\, 
. 
be noted that the threshold field is increased from I to I '• 
0 0 
On the ot.her hand, the full-i1flux switching current If t • given 
The 
by the linear · curve· is· smaller than the actual If. 0 
percentage of flux change will be also affected--a high value 
of X on the linearized curve would correspond~o a smaller 
value on the actual "S" curve • 
I 
' The minimum allowable total· write current must irr-eversibly 
switah a core from X = 0 to X .• This is given b~ 
min 
I ' + ·x i ( I ' f I 
.. ')' 
- . o m n 
·-
in which the wirte current is · · b- · g1ve.n :_ .. y 
I = I ' W .. 0 
~ and the bit c·urrent is giyen by 
,0 .. 
.b .. 
x. 
.min ·.c.>7 .. ·>',:·;: . ~ . 
. . ·• 
Normally, the write current m~es 60 percent 0£ the total write r 
current, and the remaining 40 percent is made·up by the bit· 
current. If we-define the ratio of !wt to I
0
! by k, the 
folloiing ·c.ondition?must be satisfied: 
r 
. •/ 
~-
-----
I ' 0 
.. 
= k. (1 <k < 2) 
·;4<>. 
. . 
/J 
(8) 
·, 
r :'.1 
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• I 
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r 
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: •. 
and thus 
;_..,_---..-.-.  ·
;•-. 
IB = X . - ( I ' • I 1 ) 
min f o 
= (k-l)I 1 
o . 
L 
... 
,· 
:"':' 
which is less than I', because the constant k is less than 2 
..._ 0 
l 
a~ indicated in E. (8). 
q 
The switching time for 
t -
-w 
• 
-
the 
I 
wt 
_writing 
s 
w 
-I 
0 
s 
w 
' 
process 
'!" .. X . ( I ' -I -·') 
min f o 
where S is the switching coefficient. w 
" 
will be 
The read current must have a larger amplitude than Iwt 
. 
so that its duration is shorter than t. We arbitrarily set 
w 
'I> 
-----
I 1 
0 
<' 
= (k + l) 
where k is defined in E. 8. Thus, 
~ q 
. 
IR = 2 I 1 + X i (I f ' - I ' ) 0 m D . 0 · . 
...... 
' . 
~erefore, the switching time for·the ·read process will be 
tR s,, \., .... -
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s 
w 
I ' +X . ( I ' .. -I I) o min ~f o 
~ 
. It can be assumed that the delay time, td, will not exceed 
t. Thus the total cycle time for the 2D memory scheme can w 
' ' be app~oximated by 
'19-
t 2S s - w + w -C 
) ,., 
.~ 
X .I I +·x (It 
-I') • (It 
-I ') • min 0 min f 0 f 0 
.. 
With reference to the discussion on temp~rature effects, 
we have assumed that the temperature variations of the 
parameters X, I', I 'and S are lineat.~ Thus we can set 0 f W 
the following experessions·: 
S = a T + t,· 
w 1 1 
I ' = 0 
' 
: ·, ~ 
c, .. 
·.1 .... 
·-·(~~('.• .J' ;, 
.1, 
where T is·temperature, and the coefficients _a1 , a2 , a3 , l 
. a4 , and the constant parameters\b1 , b2 , b3 , b4 are to be ~ t 
. ) 
determined from experimental curves. If these coefficients • 
and constant parameters are known, the cycle time, t, given 
C 
-
~ ~ 
by E4. (14) can be uniquely expressed ~s a function of· 
.. 
temperature. 
/. 
-.~· 
(13) 
(14) 
(16) 
(17) 
(18) 
\ 
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. . ... _ The temperature, T, in Eqs. (15), (16), (17) and (18) 
is the ambient temperature, TA' plus a small temperature 
difference, 6. • A further eimplification can be tmaae by 
assuming that ~ is too small in comparison with TA. This 
t' 
"' would still make the .method presented above highly simplified. 
. ' •j 
' ,. 
The approximations can be justified, however, by the'fact 
that the cores in the 2D memory (as in most other core . ~ -
memories) are operated at .a temperature far lower than the 
Curie point, where the influence of tempera~ure is greatest. 
It would be interesting to know if the method outlined above 
could have any usefulness at all. 
JJ 8. Recent Studies in High-Speed Ferrite Core Memories 
,,,. 
The basic principl~s behind the operation of hig·h:.. 
speed ferrite core memories (with·particular reference to 
the 2D memory device) have been surveyed. The purpose of 
the following discus~ion is to examine two ·~ecent studies 
~hich have been made on p~oblems·associated with partial 
flux switching and temperature effects on the operatipn of 
• core memories • Problems which are relat.ed to the relative~ 
,..._ 
5 
-",""==--~- instability of the partially .switched sta. te have been 
·~ 
·~- investigated. These problems which are generally referred to 
• 
• as relaxation effects are briefly ·examined in section 8.1. - ,---~--
\ 
• 
.~-
.. 
Over the past few.years, new empirical te~hniques and mathematical. ~ . 
' 
formulations have been introduced to·obtain high-speed cycle 
• 
.. 
JI 
~·. 
.,.. 
• I 
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• f/11 
time operation of core memories·· ov·er wide temperature ran.ges. 
,' 
A complete mathematical ,theory wh~ch ·has been "proposed" to/ 
det.ermine an optimum speed for the operation of a 2D memory 
as a function qf core temperature is reveiwed in section 8.2. 
8.1. Relax2tion Effects17 
One very important property. of a. m'emory core is that 
the repeated application of a drive current less than I will 
0 
have negligible permanent effect on a core in either the nominal 
"1" or nominal "O" state. ·Thus in the 2D memory, the effect 
of the bit current alone on a partially switched state should 
be neglig~ble. One difficulty arises, however, due to the 
,, 
relative instability of the partially switched state. -When 
' ?· 
' a core is disturbed by a bit current alone, and then the 
bit current is removed, part of the flux will revert to· its 
.... initial value with a time: constant. The relaxation time is 
reported to depend on the amplipuae of IB and its duration. 
When the reading process follows the write phase, the signal 
caused by relaxation in the unselected cores _may be comparable 
during read-out tim~ w~th the signal from the selected cores •. · 
d 
.. , 
There is also the possibility of a gradual shift of th~ minor 
hysteresis loop over many cycles of ope.ration, with a resulting 
variation in ou~put signal. Thus a core in a partially switched 
. ' 
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. . _, 
state is ~ore sensitive ·to ~isturbing ~urrent less thari or 
equal to I, and this imposes lim~tations on the selection 0 
matrix. In practice; relaxation effects have been assumed to 
be negligible in the calculation of cycle tifues. 
8-. 2. 
Q .·, '·.-
18 An Analytical Study of 2D Memory Cycle Tinies 
'I , 
.  
Recently, a complete mathematical theory has been 
"proposed" to determine the cycle time for the 2D memory. In 
~\')/".' 
-~...._ ..... 
this new analytical technique,'\the remahent flux and the 
threshold field are t~ken as quadratic functions of temperature. 
"' 
It is shcfwn that if the core temperature is known, specifying 
,. 
•. either the amplitude or the duration of the pulse will uniquely 
determine the remaining term. It is also indicated that knowing 
the inner and outer diameters of the ferrite cores, the ambient 
temperature, the amplitudes of driving fields (as functions of 
. temperature) and the.percentage of flux chang~, it ~s possible 
g 
to calculate the optimum pulse width that would minimize the 
cycle time. Quite a large number of unknown parameters, and 
err&r factors for the pulse width have ·been introduc~d into 
.... 
' . the various. equations. The o-nly difficulty with· this t·e·chnique 
- .. 
.. 
is that the algebraic equations b,ecome too unmanageable, and ... 
'·\ the use of a computer is necessary for determining the para-
-
' meter and tolerance factors. On the .. other h~nd, this technique 
'· 
·1s the only complete mathe~atical theory that has been formulated 
~ 
,. 
., -·· -1 
' ... 
• 
• 
\ 
... 
,, 
-- ,I 
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.for this type. of operation so far. It has been pointed out 
that the technique could be explor~d to correlate costs of 
· production and optimum ~peed of operation.· 
9. Summary 
Ferrite cores used as storage elements in h1gh-speed 
' 
core memories must generally exhibit square magnetic hyste-
resis loops. Th:;?. storage properties depend on there 
being two distinct states of a remanent flux. 
state ia labelled· as the nominal "O" state. 
The - q>r 
If full-flux 
switching is employed, the+ tf> 
r 
state is referred to as 
~ : the nominal "l" state. If partial-flux s~itching is employed,~ 
-a flux state cf> less than + ip is labelled as ,,£he nominal "l" r 
. state. To effect an irreversible flux change, it is necessary 
to apply a magnetizing field equal to or greater than the 
threshold field H. Normally, H is less than the coercive 0 0 
t field H. 
• C 
1 
For switching around the major loop from - ~ to+ cf,, 
r r 
.e the core material has a characteristic switching time t, 
6 
. which is inversely proportional to the difference between the 
dr~ving field and the threshold field. The switching time 
, decreases mhe?i partial-flux switching is employed, i.e., w·hen 
the core is switch. ed from (1 (less than + if, ) to - <f, , or 
r r 
vice versa. Conversely, for a given driving field, the flux 
.. , 
-~'-'' 
l 
C 
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.. 
.. 
switched from one state to another varies with the d~~ition 
·~·. 
-of the driving field. 
-~· 
\ 
Small cores are utilized in high-speed ferrite core 
memories. To improv~ the switching speed, and consequently 
to shorten the .cycle time of'operation, partial-flux switching 
,is employed. This also reduces the power required to driye. 
an array of storage elements. The minimized core size, the 
"'· 
J)artial-flux switching,·and the low-power consumption have 
advantages_ for high-speed operation ( typic~l cycle. times are 
... 
of the order of 500 ns to 200 ns). One example of a high-
.. 
speed core .memory is the 2D (two dimensional) icheme. In 
this scheme, ferrite cores are arranged in a rectangular array 
cf matrix. Two wires, one horizontal fcalled word-wi~e), . 
\ 
and one vertica1·(called bit-wire), pass·throug~ each core. 
~ To switch a core from the nominal "O" state to the nominal "l" 
state, a write~current is impr~ssed through the word-wire. At 
the same time, a bit-current is impressed through the bit-wire. 
' Normally, the write current is approximately equal to the 
threshold current, I, but the bit currerit is less than I. The 0 0 
• 
coincidence of the write and bit ·current provides a to,,tal write 
, 
current which causes a "1" to be written in that core which 
received both the write and bit currents. Reading out of infer-
• Q 
ma tion (switching from "l" to "O") is accomplished by sending a 
.... 
re~d curr~nt through the wdrd-wires, but in opposite sense to the 
write current direction~ The reading process· of the 2D memory 
... 
!-.·.,···. ~ 
. !' 
:i 
·I 
.·, 
" 
' 
.: . 
--J..,; 
• II 
t 
_J 
,· . " 
.;, 
' 
·• 
.. 
device is known as DRO (destructive read out) •. After t.he · read 
current· is passed, the information is destroyed, and thus a 
" 
"read" period is followed by a "write" period. The cycle time 
of the 2D memory is given by the sum of the dµrations of the 
read and write current pulses, plus a nonmagnetic delay time. 
From the basic theory of ferromagnetism, it is known 
that an increase in the temperature of ferrites causes a 
degradation of the core characteristics. The partial-flux 
switching technique_is very sensitive to temperature changes. 
' When a core is continuously cycled at a high frequency, the 
t. 
' power dissipated in the cores gives rise tQ a large increase 
in core temperatur~~ Experimental data indicate,that the 
flux switched, the threshold field, and the switching· coef fi-
cien t decrease with an increase of core temperature. 
It can be assumed that, within a limited rang~ 6f 
temperature far below the Curie point, the variations of the 
important parameters with temperature are linear. W~th these 
approximations, and specifying the write and read current 
/ 
- ...... 
"' amplitudes, the cycle time of a 2D memory scheme might be 
evaluated by determining the switching t~mes for the write 
and read processes, respectively. It must ··be pointed out,, 
<' 
however, that this approach is highly simplified: and it 
would be interesting to know if it could have any usefulness 
at all. 
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Studiee ha~~ been made on the influence of relaxation 
-('.~ 
effects on partial-flux switching technique.· When a core 
" 
~n the partially s•itched state is disturbed by a write 
current,. then, when the write current is removed, part of the 
flux will revert to its initial value with a time-constant 
,-
', 
effect. There is also the possibility of a gradual shift , 
of the.minor hysteresis loop over many cycles of operation, 
with a resulting variation in output signal. 
A new },mathematical theory has been "proposed" recently 
to determine the optimum cycle time for the operation of 
the 2D m~mory scheme. · In this analytical technique, the 
remanen t flux and the· thre sho°ld .. field are taken as quadratic 
functions of temper.ature. It is shown that if the core 
• temperature is known, specifying the amplitude of the 
driving pulse will uniquely determine its duration. It is 
then shown that if the inner and outer diameter of the 
ferrite cores are also known, it is possible to calculate 
the optimum pulse widths that would minimize the cycle time 
of the memory. It has been pointed out that ~h~ techniq~e 
1 
could be explore~ to correlate costs of production and 
\opt~mum speed of operation. 
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